Objective To determine the cost effectiveness of secukinumab, a fully human interleukin-17A inhibitor, for adults in the UK with active ankylosing spondylitis (AS) who have not responded adequately to previous treatment with conventional care (CC; biologic-naïve population) or previous biologic therapy (biologic-experienced population). Perspective and Setting UK National Health Service (NHS). Methods The model was structured as a 3-month decision tree leading into a Markov model. Comparators were licensed tumour necrosis factor inhibitors (including available biosimilars) and CC in the biologic-naïve and biologic-experienced populations, respectively. Clinical parameters captured treatment response, short-term disease activity and patient functioning, as well as long-term structural disease progression. Utilities were derived from secukinumab trial data. List prices were used for all drugs. The cost year was 2017 and costs and outcomes were discounted at 3.5%. Results In the biologic-naïve population, secukinumab dominated adalimumab and certolizumab pegol. Incremental cost-effectiveness ratios (ICERs) versus other comparators were either below £10,000 per quality-adjusted life-year (QALY) gained or south-west ICERs that implied cost effectiveness of secukinumab. In biologicexperienced patients, the ICER for secukinumab versus CC was £4927 per QALY gained. Treatment response rates, short-term treatment effects, long-term radiographic progression and biologic acquisition costs were key model drivers. Scenario analysis found results to be robust to changes in model structural assumptions. Probabilistic analysis identified greater uncertainty in results in the biologic-naïve population. Conclusions Even at list price, secukinumab appears to represent a cost-effective use of NHS resources for biologic-naïve and biologic-experienced patients with active AS. Further research on long-term radiographic progression outcomes would be valuable for future cost-effectiveness analyses in AS.
Introduction
Ankylosing spondylitis (AS) is a chronic, progressive, irreversible arthritic condition characterised by inflammation of the sacroiliac joint at the base of the spine [1] . There are an estimated 200,000 AS diagnoses in the UK [2] . AS is three times more common in men than women and, as diagnosis is usually before the age of 45 years, primarily affects a working-age population. The natural history of AS is of progressive, irreversible, long-term deterioration in patient functioning resulting from ongoing disease activity (i.e. inflammation) and progressive structural damage (i.e. radiographic disease). AS is also associated with an increased risk of mortality, which is relatively higher for males than females [3] .
Initial treatment for patients with AS in the UK is nonsteroidal anti-inflammatory drugs (NSAIDs) alongside non-pharmacological interventions (e.g. physiotherapy) to help relieve pain and stiffness. Together, these constitute 'conventional care' (CC). However, there is little evidence that CC prevents long-term structural progression of AS and many patients do not respond adequately to this treatment. The introduction of biologic therapies has transformed the treatment pathway for patients with AS, as reflected in guidelines from the British Society for Rheumatology/British Health Professionals in Rheumatology (BSR/BHPR), which recommend initiation of biologic treatment for patients with disease activity despite standard therapy [4] . The first five licensed biologics for AS were all tumour necrosis factor inhibitors (TNFis): etanercept, adalimumab, infliximab, golimumab, and certolizumab pegol. All five TNFis have received a positive recommendation from the National Institute for Health and Care Excellence (NICE) for the treatment of patients with severe active AS whose disease has responded inadequately to, or who cannot tolerate, NSAIDs [5] . Guidelines note the effectiveness of these therapies in reducing disease activity and spinal pain, but also acknowledge that evidence for impact of these therapies on radiographic disease progression is limited [4] .
More recently, secukinumab, a fully human biologic therapy targeting interleukin (IL)-17A, has been licensed and recommended by NICE and the Scottish Medicines Consortium (SMC) for patients with an inadequate response to NSAIDs or TNFis, thus providing a novel mechanism of action for patients [6, 7] . Two phase III trials (MEASURE 1, MEASURE 2) demonstrated the efficacy and safety of secukinumab in patients with an inadequate response to CC who had not received a TNFi previously (hereafter referred to as 'biologic-naïve' patients) and in patients who had previously received a TNFi but withdrew from this therapy due to lack of efficacy or adverse events (hereafter referred to as 'biologic-experienced' patients) [8] .
This research investigated the cost effectiveness of secukinumab for the treatment of active AS from the perspective of the UK National Health Service (NHS).
Methods

Population, Interventions and Comparators
The economic evaluation considered two distinct subpopulations of patients with active AS: (1) biologic-naïve patients; and (2) biologic-experienced patients. These two subpopulations align with the clinical subgroups explored in the MEASURE 1 and MEASURE 2 studies of secukinumab.
The patient population was defined based on patient characteristics from MEASURE 2 (average age 43.30 years; average weight 81.34 kg; proportion of males 69.9%). Baseline Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) and Bath Ankylosing Spondylitis Functional Index (BASFI) scores were also taken from the MEASURE 2 study (see Sect. 2.3).
Secukinumab was modelled as the 150 mg dose administered subcutaneously at weeks 0, 1, 2 and 3, followed by monthly maintenance dosing starting at week 4, in line with the licensed posology. The relevant comparators to secukinumab in the biologic-naïve and biologic-experienced populations were reflective of clinical practice in the UK NHS, taking into consideration the availability of clinical data to allow robust economic evaluation. For the biologic-naïve population, this represented the five licensed and NICE/SMC-approved TNFis: etanercept, adalimumab, infliximab, golimumab, and certolizumab pegol (all at licensed doses). For two biologics (etanercept, infliximab), biosimilars are available in the UK and were included in the analysis as stand-alone comparators in addition to the originator products. Equal efficacy of biosimilar and originator products was assumed.
For the biologic-experienced population, the comparator in the base-case analysis was CC. Although AS treatment guidelines recommend sequential treatment with a subsequent TNFi after inefficacy or adverse events with the initial biologic treatment, a paucity of clinical data for use of comparator TNFis in the biologic-experienced population means that any economic analysis of sequential treatment would require unsupported assumptions regarding effectiveness of TNFis in biologic-experienced patients, and therefore lack robustness. Consideration of TNFis as comparators to secukinumab in the biologic-experienced population was therefore explored only as a scenario analysis.
Model Structure
The structure, inputs and assumptions for the model were informed by evidence from systematic literature reviews (SLRs) for relevant economic evaluations and studies reporting utility and cost/resource use data (see electronic supplementary material [ESM] ). The model was developed based on the modelling framework used in previously published cost-effectiveness analyses of biologics for the treatment of AS, notably the York model [5, 9] . A cohort was modelled to initially enter a decision-tree model to determine response to treatment at 3 months, followed by entry into a Markov state-transition model comprised of three health states for maintenance treatment, CC and death (Fig. 1) . The model was constructed in Microsoft Excel Ò (Microsoft Corporation, Redmond, WA, USA).
Treatment response was assessed at 3 months. This is in line with the earliest timepoint for assessment recommended in the latest treatment guidelines from the BSR/ BCHP, and the timepoint for assessment specified in the NICE guidance for TNFis [4, 5] . The BSR/BCHP guidelines define response as a reduction in the BASDAI of C 2 units and a C 2 cm reduction in the spinal pain visual analogue scale (VAS); however, this response definition is not routinely measured in clinical trials [4] . Therefore, BASDAI 50 (50% reduction in BASDAI score from baseline), as a readily available outcome that has been utilised in previous economic evaluations, was used to define response [9] .
Patients classified as responders entered the Markov model in the maintenance treatment health state and were assumed to continue their initial biologic treatment until withdrawal due to lack of efficacy or adverse events. Nonresponders were assumed to discontinue their initial biologic therapy at 3 months. In the base case, these patients entered the Markov model in the CC health state and were modelled to receive CC until death, with no option to return to treatment with biologic therapy. In clinical practice, patients who withdraw from their initial biologic therapy may instead switch to a sequential biologic treatment [4] . This sequential biologic treatment was modelled as a scenario analysis due to lack of comparator data in biologic-experienced populations.
Successive 3-month cycles in the Markov model tracked disease progression through BASDAI score (reflecting disease activity) and BASFI score (reflecting changes to patient functioning). Disease-related costs and patient utility were linked to these long-term clinical outcomes to determine accrued costs and health benefits over the modelled time horizon. A 40-year time horizon was used to represent a lifetime time horizon, reflecting the chronic nature of the condition and treatment. Alternative time horizons were explored in scenario analyses.
Modelling of Health Outcomes
Treatment Response
An SLR was performed to identify clinical efficacy and safety outcomes, including BASDAI 50, for secukinumab and TNFis in both biologic-naïve and biologic-experienced populations [6] . This identified the MEASURE 1 and MEASURE 2 studies of secukinumab. The MEASURE 1 study used a non-licensed intravenous loading regimen and was therefore not used to inform clinical inputs in the basecase model, with the exception of withdrawal rates and utilities. Published BASDAI 50 scores were identified for all comparator TNFis in the biologic-naïve population; in the biologic-experienced population no comparator data were identified.
In the biologic-naïve population, BASDAI 50 model inputs were informed by a network meta-analysis (NMA) of BASDAI 50 scores, with the timepoint of BASDAI 50 score taken as the primary endpoint of the relevant trial, provided this was between weeks 12 and 16. Full details of the methods of the NMA have been published elsewhere [6] . In the biologic-experienced population, BASDAI 50 response rates for secukinumab and CC were taken directly from the secukinumab 150 mg and placebo arms, respectively, of the MEASURE 2 study. Concomitant Fig. 1 medications such as NSAIDs and physiotherapy were permitted in MEASURE 2, supporting the use of the placebo arm as a proxy to UK CC. BASDAI 50 response rates for the base-case analyses in the two populations are presented in ESM Table 4 .
In the absence of efficacy data for TNFis in biologicexperienced patients, the sequencing scenario analyses in this population assumed the same placebo-adjusted relative reduction in response rate for the biologic-experienced population versus the biologic-naïve population, across all biologics, as observed in MEASURE 2 (37.6%; derivation provided in ESM Table 5 ).
Short-Term Health Outcomes
Short-term health effects over the initial 12-week treatment period were captured by BASDAI and BASFI scores to reflect the impact of treatment on disease activity and patient functioning. BASDAI and BASFI scores at week 12 and beyond are conditional upon whether or not the patient responds to treatment [10] . As such, baseline and change from baseline BASDAI and BASFI scores were made conditional on BASDAI 50 response at 12 weeks using data from the active treatment arms of MEASURE 2 for secukinumab, ATLAS for adalimumab, and GO-RAISE for golimumab [5] . For all other comparators, conditional data were unavailable and estimates were based on the average ratio of responder to non-responder mean changes from baseline in each outcome at 12 weeks across the aforementioned sources [9] . These proportional changes for responders versus non-responders were then applied to absolute mean changes in BASDAI and BASFI at 12 weeks from the NMA, based on the proportion of responders. Conditional baseline and week 12 change from baseline BASDAI and BASFI data are provided in ESM Table 6 .
Long-Term Health Outcomes
In addition to short-term effects on BASDAI and BASFI scores, the model captured the impact of treatment on longterm disease progression.
For BASDAI scores, conditional changes from baseline at week 12 were assumed to be maintained while patients remained in the maintenance treatment health state. Upon discontinuation of biologic therapy, BASDAI score was assumed to rebound to baseline.
Patients with AS experience progressive deterioration of function over time, dependent on the extent of disease activity and radiographic progression. This was captured as long-term progression in BASFI score. As BASDAI score was assumed constant in the long-term, natural progression of BASFI score was modelled as dependent on radiographic progression only (measured by the modified Stoke Ankylosing Spondylitis Spinal Score [mSASSS]) using the following equation: annual rate of BASFI change = annual rate of mSASSS change 9 BASFI change with a 1-unit change in mSASSS. Consistent with the York model, the independent effect of a 1-unit change in mSASSS on BASFI scores was modelled by the multivariate relationship reported by Landewe et al. (mean 0.057; standard error 0.0049), and the annual rate of mSASSS change was taken as 1.440 [11, 12] .
This rate of 1.440 represented the natural disease progression, and was applied for the CC arm under the assumption that CC had no impact on long-term radiographic progression. The treatment effect of biologics on slowing the rate of BASFI progression was assumed to start immediately on treatment initiation and was taken from the study by Haroon et al., which reported a relative rate of mSASSS change of 0.42 for patients receiving versus not receiving TNFis [13] . This was applied to all biologics, including secukinumab. However, it should be noted that this study included TNFis only. Although radiographic outcomes were not collected in MEASURE 2, secukinumab has demonstrated efficacy on radiographic progression outcomes in the MEASURE 1 study, with a mean change in mSASSS from baseline to week 104 of 0.30 for patients treated with secukinumab 150 mg [14] . The basecase may therefore underestimate the impact of secukinumab in slowing radiographic progression, and a scenario analysis explored the application of an alternative relative rate of annual mSASSS change of 0.15, based on the MEASURE 1 study, for patients treated with secukinumab. BASFI scores were assumed to return to baseline upon withdrawal of biologic therapy.
Withdrawal of Biologic Therapy
Annual withdrawal rates, which were converted to 3-month (per cycle) probabilities of withdrawal, are reported in ESM Table 7 . The same annual withdrawal rate (11.0%) was assumed for all TNFis in all years of the model, consistent with the York model [9] . For secukinumab, the withdrawal rates were derived directly from the pooled MEASURE 2 and MEASURE 1 studies (15.2% in year 1, 6.0% in all subsequent years). Separate scenario analyses explored the impact of applying withdrawal rates from the MEASURE 2 study alone for secukinumab, applying the 11.0% annual withdrawal rate to all treatments including secukinumab, and applying individual withdrawal rates to all treatments based on clinical trial data.
Adverse Events
One adverse event (serious infections) was included in the model, with the probability of serious infection in each 3-month cycle based on naïve trial data for each intervention (ESM Table 7 ). This adverse event was selected due to the increased risk of infection with biologic therapies targeting immune pathways, such as TNFa or IL-17A [15, 16] . Five percent of serious infections were assumed to be cases of tuberculosis, which were modelled to have higher costs per event than other serious infections (see Sect. 2.5).
Mortality
Baseline mortality in the model was determined using mortality rates from the general population life tables, adjusted for sex-specific relative risks of death for patients with AS (males 1.63; females 1.38) consistent with the York model in AS [3, 9, 17] .
Utility Inputs
Previous analyses have modelled patient health-related quality of life in AS to be dependent on BASDAI, BASFI, age and sex via regression models. As the model captured BASDAI and BASFI scores over time for patients remaining in the maintenance treatment health state versus those in the CC health state, this evaluation was similarly able to model health state utility using a regression model approach. The following utility algorithm, derived from patient-level data from the MEASURE 1 and MEASURE 2 trials, was utilised:
Cost and Resource Use Inputs
The analysis was conducted from the perspective of the UK NHS, including only direct healthcare costs: drug acquisition costs (at list price in the base case), administration and monitoring costs, disease management costs and costs related to adverse events. The cost year of the analysis was 2017. Full cost and resource use inputs are provided in ESM Table 8 .
Model Outcomes
Model outcomes included the total cost and quality-adjusted life-years (QALYs) accrued over the time horizon of the model, both discounted at a rate of 3.5% per year as per standard practice for UK cost-effectiveness analyses [18] . A half-cycle correction was applied to all outcomes. Cost effectiveness was assessed in terms of the incremental costeffectiveness ratio (ICER).
Results
Base-Case Results
In the biologic-naïve population, secukinumab dominated adalimumab and certolizumab pegol (Table 1a) . ICERs versus all other comparators were either below £10,000 per QALY gained, or south-west ICERs that implied cost effectiveness of secukinumab. Fully incremental analysis found all interventions other than secukinumab, etanercept (biosimilar) and infliximab (biosimilar) to be dominated or extendedly dominated. The resulting ICER for secukinumab versus etanercept (biosimilar) was £7524 per QALY gained, while the ICER for infliximab (biosimilar) versus secukinumab was £657,820 per QALY gained.
In the biologic-experienced population, secukinumab was associated with a QALY gain of 1.018 compared with CC, at increased costs of £5014 over the model time horizon (ICER of £4927 per QALY gained) (Table 1b) .
Sensitivity Analyses
One-way sensitivity analyses (OWSA) were conducted to determine the key drivers of cost-effectiveness results separately for the biologic-naïve and biologic-experienced populations (see ESM Table 10 for details of the upper and lower values applied). Results were expressed in terms of net monetary benefit (NMB) valuing a single QALY at £30,000; dominance in some comparisons rendered the ICER measure uninformative for OWSA. Parameters associated with treatment response rates, short-term treatment effects, long-term radiographic progression and biologic acquisition costs were among the key model drivers in both populations (ESM Figs. 3 and 4) .
Probabilistic sensitivity analyses (PSA) were conducted, varying model parameters simultaneously over 1000 simulations (ICERs were stable at this number of iterations). Point estimates for model parameters were derived from appropriate distributions using means and standard errors. For the biologic-naïve population, the PSA conservatively included the biosimilar versions of etanercept and infliximab, and not their originator products, as it was considered illogical to potentially observe iterations in which stochastic variation resulted in differing effectiveness of biosimilar and originator versions. Probabilistic results in both populations were broadly consistent with those from the deterministic base-case analysis and were associated with limited uncertainty (Table 2 ; ESM Figs. 5 and 6). The probability of secukinumab having the highest NMB in the biologic-naïve and biologic-experienced populations was 52.10 and 99.70%, respectively, when one QALY was valued at £30,000 (Fig. 2) .
Scenario Analyses
Key assumptions and areas of structural uncertainty in the model were explored through scenario analyses. There are no published comparative data of secukinumab versus TNFis for radiographic progression outcomes from which to draw robust scientific conclusions regarding comparative efficacy. However, in the MEASURE 1 study, mean ± standard deviation change in mSASSS from baseline to week 104 was 0.30 ± 1.93 for patients who received the 150 mg maintenance dose of secukinumab. In contrast, previously published collated estimates of 2-year mSASSS change from baseline across TNFis ranged between 0.8 and 1.0 [9, 14] . Thus, assuming a slower rate of radiographic progression with secukinumab is a clinically realistic scenario, and an important one given the influence that the annual rate of change in the mSASSS parameter has on model results. This scenario resulted in improved cost effectiveness of secukinumab across all comparisons (Table 3) .
Results from all scenario analyses are presented in Table 3 (biologic-naïve) and ESM Tables 11 and 12 (biologic-experienced). Cost-effectiveness conclusions were robust to scenario analysis; scenarios exploring alternative withdrawal rate assumptions were found to have the most notable impact on results.
Model Validation
Quality control for model internal validity was performed through independent review of the model by a different health economist to those responsible for initial ICERs for SEC vs. the comparators that are marked with an asterisk represent ICERs in the south-west quadrant of the cost-effectiveness plane (negative incremental costs and negative incremental QALYs with SEC). Therefore, the ICER is a positive value and should be interpreted as the cost savings per QALY foregone with SEC vs. the comparator construction of the model. Cross-validation of the model was performed through comparison of modelled total costs with those of the York model, which represented the most recent and relevant cost-effectiveness analysis for this population [9] . External validation was assessed through comparison of model-predicted BASDAI and BASFI outcomes with data from the BSR Biologics Register in AS (BSRBR-AS). Results of validation are provided in ESM Table 13 .
Discussion
Secukinumab is the first licensed biologic for AS to target a novel molecule (IL-17A), and therefore the cost-effectiveness analysis presented here should be of interest to clinicians and commissioners in the UK NHS. Based on this analysis, secukinumab appears to represent a cost-effective intervention for the treatment of biologic-naïve and biologic-experienced patients with AS. Furthermore, secukinumab is available to the UK NHS with a confidential discount on the list price as part of a patient access scheme (PAS), which would further improve the cost effectiveness of secukinumab relative to the results presented in this current study. A key strength of this analysis is the use of an SLR to identify clinical data to inform the model [19] . This review identified several high-quality trials that provide evidence in the biologic-naïve population across all therapies included in the analysis.
The analysis also benefits from the availability of patient-level data from MEASURE 2. This permitted determination of BASDAI and BASFI scores conditional upon response status, which is important given evidence for differential clinical outcomes between responders and non-responders into the longer-term [10] . Conversely, the analysis is limited by a lack of equivalent patient-level data for all comparator therapies, meaning the analysis relied on an assumption that the conditional data that are available (for secukinumab, adalimumab and golimumab) are applicable to other TNFi comparators.
One limitation of the analysis is that the SLR did not identify data for comparator therapies in the biologic-experienced population, precluding their inclusion as comparators in the base-case analysis for the biologicexperienced population. Therefore, the base-case ICERs for SEC vs. the comparators that are marked with an asterisk represent ICERs in the south-west quadrant of the cost-effectiveness plane (negative incremental costs and negative incremental QALYs with SEC). Therefore, the ICER is a positive value and should be interpreted as the cost savings per QALY foregone with SEC vs. the comparator comparison (versus CC) may not fully represent UK clinical practice as it is likely clinicians would prescribe a second biologic following an inadequate response to the first [4] . An additional limitation with regard to the generalisability of the analysis to UK clinical practice relates to treatment response criteria. BSR guidelines previously defined treatment response as either a 50% reduction from baseline in the BASDAI or a C 2-unit drop in BASDAI total score from baseline and a C 2 cm reduction in spinal pain VAS [20] . The latest BSR/BHPR guidelines omit the BASDAI 50 component [4] . In contrast, the criterion for treatment response in our economic analysis was achievement of a BASDAI 50. Previous research has indicated the influence of the definition of response on the proportion of responders and on the longer-term clinical outcomes of those classed as responders versus non-responders, and therefore this discrepancy represents an important limitation [21] . However, the use of the BASDAI 50 response reflects the primacy with which this outcome measure is used in clinical trials of therapies for AS, and hence the data available for modelling. Previous economic evaluations in AS have similarly defined response using BASDAI 50 [9] .
Finally, the relative responder rates applied in the analysis are based on an NMA considering secukinumab 16-week data versus comparator TNFi 12-week data (14-week data for golimumab), which may represent a source of bias towards secukinumab. However, this approach reflected primary outcome timepoints of the relevant trials and also the specified timepoint of assessment for TNFi therapies in NICE guidance [5, 6] . An important feature of the analysis is the modelling of long-term treatment effects on radiographic progression. For patients remaining on biologic therapy, this treatment effect is modelled beyond the length of available follow-up data for secukinumab or comparators, representing a source of uncertainty. An assumption of equivalent treatment effect on radiographic progression among TNFis would seem reasonable, given the shared mechanism of action. The model input value of 0.42 for the relative rate of mSASSS change with TNFis is based on empirical results from a study of TNFis, and this value was similarly applied as a class-effect assumption for TNFis in the York model [9, 13] . In contrast, secukinumab possesses a different mechanism of action, and hence such an assumption may have less face validity, particularly in light of the mSASSS outcomes with secukinumab previously discussed.
There are clear areas where further research would benefit the analysis. First, availability of comparator data to allow definitions of treatment response to be aligned to those used by the BSR/BHPR would improve generalisability. Longer-term data for all treatments, and in particular comparative evidence on radiographic progression, also represent notable data gaps. Similarly, a lack of data on discontinuation beyond 2 years means that discontinuation rates applied for TNFis and secukinumab in the longterm are a key source of uncertainty that should be an area for further data collection. Finally, the scope of this research was to consider the perspective of the UK NHS; however, the academic literature also promotes the value of a societal perspective [22] . Given that AS is a disease of predominately working-age patients, there is a clear case for broadening the analysis to a societal perspective as an area of future research.
Conclusions
Secukinumab would appear to represent a cost-effective treatment option for patients with active AS, both for those patients who are biologic-naïve and those who are biologic-experienced. This research highlights a continued need for longer-term data on all biologic treatments in this indication to help inform future cost-effectiveness analyses.
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